The small intestine is an organ responsible for nutrient absorption, barrier functions, signal recognition/transduction, and the production of bioactive compounds. These functions are known to be regulated by such factors as hormones and cytokines, but substances contained in the daily diet are also thought to play roles as major modulators of intestinal functions. Intestinal epithelial cells (IECs), which form a monolayer covering the inside surface of the intestinal tract, are particularly important in this modulation, because they directly interact with intestinal contents, including food substances, their digests, and gut microbial components. Using cell-based in vitro assays, we investigated the food-IEC interactions at the cellular and molecular levels, and found that a variety of food substances affected the transporter activity, tight junction permeability, metabolic enzyme expression, immune functions, and so on. Modulation of the intestinal functions by dietary substances is therefore essential to promote health.
Food is not only the supplier of nutrients but also a modulator of the physiological functions of the body. This is the basic concept of ''functional food,'' established in Japan in the early 1980s.
1) The organ in which this concept is most apparently embodied is the intestines, because the intestines are always in contact with food substances orally taken. We have been studying intestine-food interactions, particularly using cell-based assays, to obtain scientific and molecular evidence of this.
The small intestine has many folds and villi on the internal surface, the total surface area being estimated to be more than 200 m 2 . Using this vast area, large amounts of nutrients derived from diet are quickly and efficiently absorbed. Intestinal epithelial cells (IECs) covering the internal surface of the intestines are responsible for this absorption, 2) but IECs have many functions besides absorption. For example, they are involved in the metabolism of food substances and also in the intestinal immune system. One interesting feature of IECs, distinguishing them from other cells in the body, is that they are always exposed to high concentrations of nutrients, non-nutrients, microbes, and xenobiotic chemicals. This means that the functions of IECs are affected or even regulated by external substances, including food components, although IEC functions are generally controlled by internal factors such as hormones and cytokines. The interaction between IECs and food substances is therefore an important subject. Some of our studies of this matter are reviewed in this paper.
I. Functions of Intestinal Epithelium
Previous studies have revealed that IECs have three major functions (Fig. 1) .
The first function is absorption. The apical cell membrane of IECs has many transporters which transport such nutrients as glucose, amino acids, peptides, carboxylic acids, vitamins, minerals, and sometimes non-nutrient food compounds or xenobiotics.
3) The nutrients, apically taken by these transporters into IECs, are then excreted from the cells to the blood circulation via same or different transporters located in the basolateral membrane. Paracellular transport is a passive diffusion system using a space or gap at intercellular junctions between IECs. 4) This provides another absorption pathway for small molecular compounds. Paracellular transport is regulated by the permeability of the tight junction (TJ), and is thought to be particularly important for mineral absorption. 5) Hydrophobic or lipophilic substances are generally transported via transcellular passive diffusion because they easily penetrate cell membranes. 6) An intracellular vesiclemediated transport system, called transcytosis, is also present in IECs and is involved in the intestinal absorption of high molecular compounds such as proteins. 7) Thus IECs have a variety of transport mechanisms for the absorption of nutrients and nonnutrients having different structures and physicochemical properties.
The second function is the barrier function, which may be classified into physical and biological barrier functions. The former includes the epithelial tight junction (TJ) barrier, which is essential for the integrity of IEC monolayers. 8) Although the TJ forms small gaps or pores, through which water-soluble small molecular compounds can pass across the epithelial cell monolayers, it also plays a role as a physical barrier to larger molecular substances such as microbes and allergenic proteins. In contrast, the biological barrier includes a detoxification system constructed by detoxification enzymes (CYPs and so on) and efflux transporters (MDR, MRPs, and so on) 9) which inhibits the invasion by harmful compounds of the body. Secretion of IgA antibodies against various pathogens 10) and the production of antimicrobial peptides 11) can also be included in the biological barrier functions of IECs.
The third function of IECs is signal recognition and transduction. Enteroendocrine cells located in the IEC monolayers are known to recognize food-derived nutrients reaching the intestinal tract via certain receptors, thereby secreting gut hormones, such as CCK, to the basolateral side.
12) Absorptive cells, forming the majority of IECs, express a variety of Toll-like receptors (TLRs). 13) Bacterial components, including lipopolysaccharides, peptideglycans, and fragella, are recognized by these TLRs as natural ligands. TLRs activated by binding with their respective ligands trigger intracellular signaling pathways, inducing the secretion of such biological compounds as cytokines. In other words, IECs play a role as a converter, converting the food signals to internal signals.
The intestinal epithelium is inside the body but forms its outer surface. The IEC monolayer is a unique tissue directly contacting various external substances, including food and its digests. Studying the interaction between food and IECs is therefore important to understand how dietary substances regulate our bodily systems and keep us healthy. Caco-2 cells are spontaneously differentiated by culturing them for 2-3 weeks and form functional monolayers on semipermeable membranes (A). Differentiated cells in confluent Caco-2 monolayers (B-1, light microscopic picture) have a microvillus structure (B-2, scanning electron microscopic picture). A variety of molecules are expressed in the cell monolayers, which makes it possible to examine many IEC functions in vitro (C).
Pathogens

II. Cell-Based in Vitro Assay for IEC Functions
To analyze food-intestine interactions at the cellular and molecular levels, we have introduced various cellbased assays. It is known that primary culture of IECs with full functions is very difficult, due to the generally slow growth rate of IECs and lack of information to control the differentiation process of the small intestinal cells. Hence we have used cell lines of IEC mostly derived from human intestinal tissues, including colon cancer tissues. 14) In spite of their origin, some of the cell lines from colon cancer show very interesting characteristics. A human IEC line, Caco-2, is particularly useful because it forms a monolayer on plastic plates and on semipermeable membranes, expressing many small intestinal functions. [15] [16] [17] [18] By culturing them for 2-3 weeks, Caco-2 cells are spontaneously differentiated; and TJs are formed between the cells, microvillus structures are formed on the apical cell surface, a variety of brush-border digestive enzymes, transporters, and receptors are expressed (Fig. 2) . [15] [16] [17] [18] Other human IEC lines, such as HT-29 and T84, are also available, 14) and can be used to analyze various small intestinal epithelial functions, depending on the purpose. The transport functions or permeability of the intestinal epithelium, for example, can be analyzed to some extent using these cells cultured on a semipermeable membrane. [15] [16] [17] [18] Studies of the correlation between the Caco-2 cell permeability and the absorption rate in the rat intestine showed that the two parameters was in good correlation 19) when the absorption of passively transported substances were estimated. A similarly good correlation was also observed between Caco-2 cell permeability and absorption in humans. 20) Cell-based assays using IEC cell lines have some limitations, because characteristics expressed in those cell lines are not always similar to those of the real IECs, e.g., lack of certain transporter functions, too-tight TJ, less secretion of mucin, different expression patterns of cytokines, and so on. Nevertheless, some IEC cell lines are very useful in studying molecular mechanisms of certain IEC functions and their responses to regulatory factors, including food substances. Co-culturing with other cells can also expand the usefulness of the IEC cell lines. [21] [22] [23] [24] Some of the studies done by ourselves using IEC cell lines are introduced here. These include (i) mechanism studies on the intestinal absorption of functional food substances, (ii) analyses of food substances that regulate the intestinal absorption of nutrients, (iii) analysis of food substances that regulate enzymes for intestinal detoxification and metabolism, and (iv) analysis of food substances that regulate intestinal inflammation.
III. Mechanism Studies of the Intestinal Absorption of Functional Food Substances
Bioavailability is one of the important factors in evaluating functional food substances. Although the absorption characteristics of the major nutrients have been extensively studied and much information, including their transport mechanisms, is available, those for non-nutrient functional food substances, such as polyphenols, oligopeptides, and oligosaccharides, are not fully understood.
Transport pathways for oligopeptides
Many oligopeptides having angiotensin-converting enzyme inhibitory activity have been used as functional ingredients of hypotensive foods, including FOSHU (''food for specified health uses'' approved by the Ministry of Health, Labor, and Welfare of Japan), 25) but limited information is available on the intestinal transport of oligopeptides, except that peptide transporter (PepT1)-mediated transport of di-and tripeptides 26) and a possible contribution of paracellular diffusion and transcytosis to oligopeptide absorption has been suggested. 27) We examined IEC permeability to the antihypertensive tripeptide VPP, derived from bovine -casein, using Caco-2 monolayers cultured on semipermeable membranes. 28) The results suggested that VPP is transported across human IEC monolayers via the paracellular route rather than by the PepT1-mediated transport pathway (Fig. 3) . The VPP transported into the cells via PepT1 was likely to be quickly hydrolyzed to dipeptides or amino acids by cellular peptidases. Since the paracellular pathway is a non-degradation pathway, it can play an important role in the intestinal absorption of intact functional peptides.
Transport pathways for oligosaccharides
The importance of the paracellular pathway for the absorption of oligosaccharides has been suggested. Although such polysaccharides as hyarulonic acid and chondroitin sulfate are not transported across the IEC monolayers, oligosaccharides derived from these polysaccharides passed through the Caco-2 cell monolayers in significant quantities. 29) Transepithelial transport of oligosaccharides occurred via the paracellular pathway, and the transport rate was increased by treating the cell monolayers with TJ-modulatory agents such as cytochalasin B and interferon-. 29) Our recent findings suggest that even high molecular compounds, such as polysaccharides and proteins, are able to penetrate across IEC monolayers to a certain extent when the monolayers are stimulated by TJ-modulatory cytokines such as IL-4.
30) The paracellular route is probably a highly flexible, adaptable pathway for diverse functional substances.
Transporter-mediated transport of non-nutrient antioxidative compounds
Fluorescein is a fluorescent chemical used as a marker substance to evaluate paracellular permeability. We accidentally found that fluorescein showed a much higher transport rate across Caco-2 cell monolayers when the pH of the apical solution was changed from 7.4 to 6.0. 31) This pH-dependent transport was energydependent and gave a Michaelis-Menten type saturation curve with the Km value of about 5 mM, suggesting that a proton-dependent transporter is involved in fluorescein transport under pH-gradient conditions. Since fluorescein is an aromatic compound with one hydroxyl and one carboxyl group, we assumed that antioxidative phenolic compounds, particularly some of the phenolic acids with a carboxyl residue, are transported via this system. Konishi et al. have confirmed that this transporter is involved in the transepithelial transport of such phenolic acids as ferulic acid and p-coumaric acid. 32, 33) On the other hand, such phenolic acids as caffeic acid, gallic acid, and rosmarinic acid are scarcely transported by the transporter-mediated pathway, but rather are transported passively via the paracellular pathway. 33, 34) We have found that -lipoic acid, a well-known antioxidant useful in treating diabetes, 35) was also rapidly transported across Caco-2 cell monolayers in a proton-dependent manner. 36) Transepithelial transport was energy-dependent, being markedly inhibited by the metabolic inhibitor sodium azide. This suggests that a transporter is involved in the intestinal transport of -lipoic acid. Although the transporters responsible for the transport of these dietary antioxidants are not yet identified, some types of monocarboxylic acid transporter (MCT) and middle-chain fatty acid transporter can be involved in the transport of the phenolic acids and -lipoic acid respectively.
The transepithelial transport rates of three different methoxyflavones, nobiletin, hesperitin, and tangeretin, were also examined using Caco-2 cell monolayers. The transport rates of the three flavonoids were not much different, but the transport characteristics were distinctly different among the three. Nobiletin and tangeretin did not show any pH-dependent nor energy-dependent transport, suggesting that these flavonoids are transported by transcellular diffusion as a major mechanism (unpublished results). On the other hand, hesperetin showed proton-and energy-dependent transport, as reported by Kobayashi et al., 37) suggesting that protondependent transporter-mediated transport is the mechanism. Hesperidin, a glycoside form of hesperetin, is however paracellularly transported. 38) Thus the transport mechanism is diverse even in the same group of flavonoids.
IV. Analyses of Food Substances That Regulate Intestinal Absorption of Nutrients
As described above, IEC functions are affected by food. We have proposed a concept, that food substances have potential to be modulators of intestinal functions, and have been accumulating data confirming this using in vitro IEC model systems.
39)
Modulation of transporter functions
Glucose transporters in IECs play crucial roles in glucose absorption in the small intestine. Sodiumdependent SGLT1 and sodium-independent GLUT2, 3, and 5 are the main glucose transporters expressed in IECs. 40) Yoshioka 41) has reported that glucose absorption via intestinal SGLT1 was inhibited by gymnemic acid, a taste-modulating triterpene glucoside extracted from the leaves of Gymnema sylvestre. A similar inhibitory effect was reported by Welsh et al. 42) with such polyphenolic compounds as tannic acid, chlorogenic acid, and catechins.
We have observed that glucose uptake by Caco-2 cells was markedly inhibited by tea extracts (green, black, and oolong teas), whereas most of the extracts from 50 samples from other sources did not show any inhibitory effect. 43) The inhibitory compounds in green tea were catechins, among which epicatechin gallate (ECg) showed the highest inhibitory activity. Since the Caco-2 cells cultured in our laboratory were found not to be expressing SGLT1, this finding merely suggests that catechins inhibit GLUTs. However, a similar inhibition profile of catechins was also observed using rabbit brush-border membrane vesicles, which express SGLT1 as a major glucose transporter (Fig. 4) , 44) indicating that catechins do suppress glucose absorption in the intestines. Tea catechins have been used as ingredients of FOSHU products for those who are concerned about blood glucose levels, 25) because they inhibit intestinal glycosidase activity.
45) The SGLT1-inhibitory activity of catechins is also involved in the blood glucose-reducing effect of green tea. Inhibition of certain monocarboxylic Brush-border membrane vesicles (BBMVs) were prepared from rabbit jejunum. The rate of glucose uptake by BBMV was determined using [
3 H]-labelled glucose. The insert figure shows time-course plots of glucose uptake by BBMVs in the presence and the absence of NaCl. The rapid uptake of glucose in the presence of Na þ was markedly inhibited by epicatechin gallate (ECg), one of the major catechins of green tea.
acid transporters (MCTs) by tea catechins was also observed in Caco-2 cells, 46) indicating the multifunctional nature of catechins.
An inhibitory activity to intestinal taurine transporter (TAUT) was detected in sesame extracts.
47) The active substance was identified as lysophosphatidylcholine. 48) Monopalmitate was observed to inhibit multi-drug resistance protein1 (MDR1 or P-glycoprotein), an efflux transporter for hydrophobic xenobiotics. 49) Although these lipid compounds are surface active, their surface activity did not correlate with the transport-inhibitory activity. Specific structures or characteristics of these compounds affect cell membrane structure or transporter structure itself, thereby regulating the activity of these membrane transporters. CaT1(TRPV6) is known to be a calcium transporter responsible for the uptake of calcium by IECs. Takano et al. 50) observed that a whey protein digest enhanced calcium uptake by IECs, although the mechanisms have not yet be determined.
Recently, a new concept regarding the molecular aspect of cell membrane transporters has been proposed in the Grant-in-aid research project ''Transportsome on Biomembrane Systems'' started in 2005. According to this concept, transporter functions require not only the transporter protein itself but also other constituents, such as regulatory molecules, scaffold proteins, a membrane lipid matrix, and so on. A functional complex of these transporter-relating molecules is termed the transportsome. 51) Food substances might function as non-negligible constituents of the intestinal transportsome, regulating the transporter-mediated absorption of nutrients.
2. Modulation of tight-junction permeability TJ permeability is regulated by various factors, including cytokines, growth factors, and bacteria toxins. 8) We have found that dietary substances might also function as modulators of TJ in the intestinal epithelium. 52) Up to the present, many dietary compounds have been reported to increase TJ permeability. These include nutrients such as glucose, amino acids, and middle-chain fatty acids. 52, 53) Similar modulatory effects have also been reported with several non-nutrient compounds. 52, 53) We have screened many extracts of vegetables, fruits, and other plant materials for TJ-modulating activity by measuring the changes in transepithelial electrical resistance (TER) of Caco-2 cell monolayers. 54 ) Among more than 70 extracts, eight samples gave significant decreases in the TER value. Four of the eight samples were found to be toxic to the cells, but the other samples did not show any cytotoxicity (unpublished results). We focused on the sweet pepper extract, which clearly decreased the TER of the cell monolayers without any cytotoxic effects. 55) The active compound in the extract was isolated and identified as capsianoside, a diterpene glycoside, which is likely to cause the dysfunction of TJ by changing the F-actin/G-actin ratio. We also observed that Caco-2 cell monolayers had less stable TJ when cultured in a serum-free medium. Using the cell monolayers thus prepared, we found that a -casein tryptic digest and -lactoglobulin from bovine milk stabilized TJ.
56) The TJ-stabilizing activity of -lactoglobulin was decreased by treating the cells with inhibitors to intracellular signaling transduction pathways and a cytoskeleton-disturbing agent such as cytochalasin D. 57) The possible involvement of a receptor tyrosine kinase was also determined. These data suggest that -lactoglobulin is recognized by its receptor on IECs, activates tyrosine kinase, and modulates the TJ-related cytoskeletal structure through activation of phospholipase C-and protein kinase C-mediated signaling transduction pathways. Miyauchi et al. 58) found that cell wall fractions of Enterococcus hirae suppressed the TNF--induced impairment of epithelial TJ via TLR2 signaling, suggesting that certain intestinal bacteria are involved in the maintenance of intestinal TJ barrier functions. Examples of TJ-modulating food substances reported to date are shown in Fig. 5 .
Intestinal TJ permeability also changes, responding to various factors besides food substances. Osmotic pressure is one of them. Inokuchi et al. 59) clearly demonstrated that TJ permeability was highly correlated with the osmolarity of the apical solutions. Hyperosmotic solutions with values of higher than 350 mOsm/kg prepared by dissolving such osmotic regulators as sodium chloride, mannitol, and raffinose significantly reduced TER and increased Lucifer Yellow permeability, although no gross cytotoxicity was induced under these conditions. Certain amino acids and sugars have been reported to have specific TJ-modulating activity, 52, 53) but the increased paracellular permeability induced by high concentrations of these compounds might be due at least partly to the increased osmotic pressure of the test solutions. Surfactants are also known to alter TJ permeability. Since a variety of surface active compounds are contained in food, these compounds, including food emulsifiers as monoglycerides and phospholipids, saponins, and many other amphiphatic substances, can affect TJ-permeability. 60) It is also noteworthy that a variety of cytotoxic substances disrupt the cell monolayer integrity by different mechanisms, which also induces significant TER decreases. [61] [62] [63] 
V. Analysis of Food Substances That Regulate the Intestinal Detoxification System
In addition to the physical barrier of integrated cell monolayers with TJ, biological barrier functions of IECs Food factors and such internal factors as cytokines and growth factors have been reported to alter tight junctions, increasing or decreasing paracellular permeability. 52) also play important roles in protecting the body from external risk factors. The detoxification system is one of the major constituents of the biological barrier.
The detoxification system of IECs catalyzes the oxidation and conjugation reactions to increase the hydrophilicity of harmful hydrophobic chemicals, thereby reducing their toxicity (Fig. 6) .
64) The target of the detoxification system is not only harmful substances such as environmental chemicals, but also certain food components. Flavonoids, which have recently been given increased attention because of their healthpromoting functions, are often recognized as xenobiotics by the intestinal detoxification system. 65) They are oxidized by Phase I enzymes, and then conjugated by Phase II enzymes. The resulting conjugates, such as glucuronate and sulfate conjugates, are excreted from the cells by Phase III transporters.
These detoxification (drug-metabolizing) enzymes and transporters are regulated by xenobiotics, the enzyme/ transporter activity markedly increasing in response to the invading harmful chemicals. For example, we have found that tributyltin, a well-known endocrine-disrupting chemical, upregulates the expression of MDR1 in Caco-2 cells. 66) Upregulation of Phase I enzymes such as CYPs in IECs was also observed when treating the cells with dioxins, harmful environmental chemicals. 65) Intracellular receptors such as AhR (arylhydrocarbon receptor) are known to be involved in this regulation. AhR is a transcriptional factor, and is activated by binding with hydrophobic xenobiotics such as dioxins, then transferred to the nucleus. It binds to the xenobioticresponsive element located in the regulatory regions of AhR-responsive genes. 67) Consequently, the expression of several detoxification enzymes, particularly Phase I enzymes, is markedly upregulated. PXR (Pregnane X receptor) also recognizes hydrophobic chemicals and induces upregulation of detoxification enzymes Phase I-III. 68) Upregulated detoxification enzymes help in the oxidation and conjugation of xenobiotics, and eventually excrete the harmful compounds from the cells. Recent studies have revealed that the expression of detoxification enzymes is regulated by a variety of transcription factors and their regulatory proteins. 69) We are interested in the way food substances are involved in the PXR-mediated regulation of detoxification enzymes in IECs. The effect of dietary phytochemicals on the PXR-dependent transcriptional activity was therefore examined using a reporter assay system constructed with human intestinal LS180 cells. 70) Among 42 phytochemicals tested, three flavonoids and two terpenoids activated PXR-dependent transcriptional activity (Fig. 7) . Increased expression of detoxification enzymes such as CYP3A4 and MDR1 in IECs was confirmed by RT-PCR. 70) Increased expression of MDR1 by oral administration of some of the flavonoids was also observed in an in vivo experiment (unpublished results). This suggests that daily intake of foods containing these flavonoids and terpenoids activates the intestinal detoxification system and promotes the barrier function of the intestines against toxic chemicals.
Although AhR is an important molecule in the detoxification process, excess and prolonged activation of AhR has adverse effects. Prolonged upregulation of AhR-responsive genes by dioxins is a particular difficulty, because the increased expression of detoxification enzymes thus induced might activate latent endogeneous or exogeneous carcinogens. 71) Ashida et al. 72) have reported that flavonoids inhibited the AhR transformation (activation) induced by TCDD, the most toxic dioxin. We have found that seven out of 34 flavonoids suppressed the TCDD-induced transcriptional activity of the CYP1A1 promoter in liver cells. 73) This suppression is probably caused by direct binding of flavonoids with AhR, which would interfere with TCDD-induced AhR activation.
The detoxification system is thought to be a doubleedged sword. Increased activity of the detoxification enzymes in IECs can protect the body, but might reduce the bioavailability of drugs and functional food substances. We have recently found that some of the flavonoids permeating the TCDD-treated IEC monolayers were readily converted to various metabolites, losing their original biological functions (paper submitted). Balancing of the activation and suppression of detoxification enzymes, particularly Phase I enzymes, is important. Dietary flavonoids can play a role in regulating this balance.
In addition to regulation of the intestinal detoxification system, certain food substances bind directly with toxicants in the intestinal tract, interfering with the toxicant absorption at the intestine. 74) This mechanism, though simple, is also important in intestinal barrier function.
VI. Analysis of Food Substances That Regulate Intestinal Inflammation
Recent studies have revealed that the intestinal immune system is also regulated by food substances. 75) Immune responses that occur in intestinal inflammation, allergy, and infectious diseases are enhanced or attenuated by certain dietary factors. IECs play an important role in immune modulation by food substances.
76)
Inflammatory bowel diseases
IECs are always exposed to various stresses, including oxygen radicals, bacterial components, and environ- mental chemicals. We have found that cadmium, a heavy metal known as a contaminant in many agricultural products, induces inflammatory reactions in IECs. 77, 78) These stress factors induce stimulation of immune cells in the intestinal epithelium. The mild activation of immune cells is thought to be an adaptive response to risk factors, and is called controlled inflammation. 79) However, excess responses can induce uncontrollable inflammatory damage in the epithelial tissue. Inflammatory bowel diseases (IBDs), such as Crohn's disease and ulcerative colitis, are incurable diseases with serious inflammation in the intestine.
80)
The number of patients suffering from IBD in Japan was much smaller than in Western countries, but is now rapidly increasing, probably because of the Westernization of the food style. Excess activation of immune cells beneath the epithelium is thought to be involved in the mechanism of IBD, although the details are still obscure. The conventional therapies for IBD are performed with aminosalicylic acid, steroids, and immune-suppressive drugs. 81) An anti-TNF-antibody is also known to be very effective in the treatment of IBD, indicating that such inflammatory cytokines as TNFare deeply involved in this disease. 81) Food therapies is an alternative solution. Probitotics and prebiotics, short-chain fatty acids, anti-allergic food substances, and anti-oxidants are thought to be useful.
In vitro experimental system for anti-inflammatory food substances
We have constructed a model system that might be useful in searching for anti-IBD food substances. This model is a co-culture system with intestinal epithelial cells and macrophage-like cells. 24) Briefly, human intestinal Caco-2 cells were monolayer-cultured for 2 weeks on a semi-permeable membrane equipped with a culture insert. Human macrophage-like THP-1 cells were cultured in a microplate for 4 d with a differentiation agent, phorbol myristate acetate. The insert (Coco-2 cell monolayers) was then placed in a microplate well (differentiated THP-1 cells) and further cultured for 1-2 d. Morphological and biochemical changes occurred in the Caco-2 cells due to this coculture. These included, an increase in lactate dehydrogenase (LDH) leakage from the cells, a decrease in the TER value of the cell monolayers, an increase in caspase-3 activity, and both apoptosis and necrosis of Caco-2 cells, indicating that Caco-2 cell damage was induced by co-culturing with macrophage-like THP-1 cells. We found that TNF-secreted from THP-1 cells played a key role in this epithelial cell damage, because damage to the Caco-2 cells was significantly suppressed when a neutralizing anti-TNF-antibody was added to the basal culture medium. In addition to the anti-TNFantibody, Etanercept (non-antibody anti-TNF-) and 5-ASA (5-amino salicylic acid) also significantly suppressed the damage to Caco-2 cells. Since anti-TNFantibody and 5-ASA are useful drugs in the treatment of IBD, we thought that this co-culture system might be a simplified model of IBD, and that it might be useful in searching for dietary factors that suppress inflammatory reactions in the intestinal epithelium. Various food substances were added to the culture medium to determine their effects on the Caco-2 cell monolayers. 82) Some substances that suppress Caco-2 cell damage were observed in this experimental system, taurine and caffeine being examples.
Anti-inflammatory functions of taurine
Taurine is one of the most abundant free amino acids in mammals. It is required for a number of biological processes, including antioxidation, osmoregulation, and detoxification. We have studied the taurine transporter (TAUT) in terms of its regulation in IECs. 83) In addition to the intracellular taurine concentration 84) and osmotic pressure, 85, 86) cytokine stimulation 87, 88) was found to be a factor regulating TAUT activity in Caco-2 cells. This suggests that taurine is an important nutrient for the cells to protect themselves from external stresses such as high osmotic pressure and inflammatory cytokines. Upregulation of TAUT synthesis and increased TAUT activity increase taurine uptake, maintaining a high intracellular Two terpenoids (ginkgolides A and B) and three flavonoids (baicalein, flavonol, and tangeretin) significantly increased activity.
concentration of taurine, which can be beneficial for the cells upon exposure to stress. The anti-inflammatory functions of taurine observed in our in vitro model, described above, might be explained by this cell-protective nature of taurine. To confirm the anti-inflammatory activity of taurine in experiments in vivo, the effects of dietary taurine on experimental colitis induced by dextran sulfate sodium (DSS) in C57BL/6 mice were investigated. 89) Taurine supplementation significantly attenuated the weight decrease, diarrhea severity, colon shortening, and the increase in colonic tissue myeloperoxidase activity induced by DSS. Taurine also significantly inhibited the increase in the expression of macrophage inflammatory protein (MIP-2), a pro-inflammatory chemokine. 89) These results suggest that taurine prevented DSSinduced colitis partly in association with its inhibitory effects on the secretion of MIP-2 from IECs and on the infiltration of inflammatory cells such as neutrophils. The cytoprotective functions of taurine in the epithelial barrier against the direct toxicity of DSS and inflammatory cell-induced injury were also suggested. We also found that taurine-chloramine, which is formed from taurine and hypochlorous acid (HClO) by a myeloperoxidase-mediated reaction in neutrophils, had antiinflammatory functions; it suppressed the NFB activation pathway by a unique mechanism. 90) 
Food substances that suppress chemokine secretion from IECs
Since chemokines such as human interleukin-8 (IL-8) and mouse MIP-2 trigger inflammation by recruiting immune cells and inducing inflammatory cytokine production in the epithelium, suppression of this stage ought to be effective in preventing inflammation. 91) Some IEC cell lines are capable of secreting IL-8 when stimulated by oxidative stress or inflammatory cytokines. Using those cell lines, we found several food substances that suppress the IL-8 secretion induced by H 2 O 2 or TNF-.
Amino acids: We investigated the effects of several amino acids on the secretion of IL-8 induced by H 2 O 2 or TNF-in Caco-2 and HT-29 cells. Histidine, a conditionally essential amino acid, significantly inhibited both H 2 O 2 -and TNF--induced IL-8 secretion and mRNA expression in Caco-2 cells and HT-29 cells. 92) TNFincreased the transcriptional activity of the IL-8 promoter, which was significantly inhibited by treating Caco-2 cells with histidine. Histidine also abolished the NF-B-dependent activation of the IL-8 promoter induced by TNF- (Fig. 8) . The anti-inflammatory activity of histidine was confirmed in an animal experiment by Andou et al. 93) using IL-10 knock-out mice. Methionine also inhibited IL-8 secretion in Caco-2 cells induced by H 2 O 2 , TNF-, and IL-1. However, unlike histidine, inhibition by methionine was not accompanied by a change in IL-8 transcriptional activity. The main mechanism of the action of methionine is decreased stabilization of IL-8 mRNA. In addition, methionine suppressed the phosphorylation of ERK and p38 MAPK, which were involved in the activation of translational initiation factors (unpublished results).
Peptides: Since histidine showed anti-inflammatory activity, we investigated some of the histidine-containing peptides. 94) Histidine-containing dipeptides, including carnosine (-Ala-His), anserine (-Ala-1-methylHis), Gly-His, and Ala-His, inhibited the H 2 O 2 -induced secretion of IL-8 in Caco-2 and HT-29 cells in a dosedependent manner. mRNA expression of IL-8 was also suppressed by the latter three peptides. Carnosine did not change the IL-8 mRNA level, although intracellular production and secretion of IL-8 in Caco-2 cells were markedly inhibited by this peptide. This indicates that carnosine inhibited IL-8 secretion along a unique pathway. Inhibition by carnosine of the phosphorylation of eIF4E, an initiation factor, in stimulated Caco-2 cells was observed. 94) This might be a main mechanism of the suppression of IL-8 secretion by carnosine (Fig. 8) .
Proteins: Lactoperoxidase (LPO) obtained from milk markedly suppressed H 2 O 2 -induced IL-8 secretion in Caco-2 cells, accompanied by a decreased level of IL-8 mRNA expression. Since this suppression was apparent only when the cells were treated with LPO in the presence of H 2 O 2 , the mechanism is thought to involve the elimination of H 2 O 2 by LPO. 95) LPO is a protein fairly stable under gastrointestinal conditions, and might be used as a functional ingredient in food to attenuate the intestinal inflammation associated with oxidative stress.
Polyphenols: Chlorogenic acid and its constituent caffeic acid showed suppressive effects on IL-8 secretion from Caco-2 cells simulated with H 2 O 2 and TNF-. 96) This effect is likely to be due to the elimination of reactive oxygen species (ROS) in the cells. We also found that isoflavone fractions had a similar function.
97)
Probiotics: Probiotics such as Bifidobacterium and Lactobacillus sp. are expected to have preventive effects on intestinal inflammation. 98) Haller et al. reported that certain Lactobacillus species affected E. coli-induced chemokine production in Caco-2 cells, depending on a network of IEC-leucocyte interactions. IL-8 secretion induced by H 2 O 2 was dose-dependently suppressed both by histidine and carnosine (A), but IL-8 mRNA was suppressed only by histidine (B). The action mechanisms of histidine and carnosine are likely to be different. Histidine inhibits the transcriptional step by inhibiting the NFB activation pathway, whereas carnosine inhibits the translational step of IL-8 production (C).
Thus a variety of food substances can act as antiinflammatory agents in the intestinal epithelium. The mechanisms are diverse.
VII. Conclusion
Food-intestine interaction occurs as often as food is consumed. The bioavailability of nutrients and the functions of food are strongly dependent on the ways food substances interact with the intestinal epithelium. Studying the molecular interaction between food and IECs by cell-based assay should provide much information on the ways foods modulate intestinal functions and promote gut health. Our recent studies showing that quercetin, a dietary flavonoid, induced many changes in the gene expression in IECs is an example. 100, 101) This information should be helpful in designing and developing functional foods in the future.
